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Abstract 
A CO2 monitoring pilot was initiated at the Penn West Energy Trust CO2 EOR operations within the Cardium 
formation of the Pembina Field.  The Penn West Pembina-Cardium  CO2 EOR Monitoring research program focused 
on well integrity,  local/ regional geology and hydrology, extensive monitoring of CO 2 and short and long predictive 
modeling.  
 
The geochemical modelling program of the Penn West Monitoring Project quantified  the chemical reactions that 
occur between the gas -oil-water -rock within the reservoir prior to, during, and following CO 2 injection.  
 
An equilibrium speciation geochemical model was used to examine the field produced water compositions . Many 
of the produced waters are undersaturated with  respect to calcite. This is most easily explained when mixtures of 
waters of quite different chemical compositions are produced from a single producing well. This observation has 
important implications for the interpretation of produced water compositions and demonstrates that flow within the 
reservoir must be understood to fully interpret the chemistry signatures. A reaction mass transfer model  was used to 
evaluate the chemical processes in the reservoir (short and long term) and to evaluate the thermodyn amic data base. 
It established that the dominant reaction controlling the short term water composition was ion exchange reactions, 
coupled with calcite dissolution and CO2 transfer from the oil phase. It was also used as a predictive tool to estimate 
the m ineralogical reactions which will ultimately be responsible for the long term trapping of the injected CO 2. 
GEM -GHG was used to calculate  the chemical processes occurring during the various phases of hydrocarbon 
recovery, including the predicted evolution of produced water compositions, and th e results compared to field 
measurements. Discrepancies between the modeled and the measured field data can be used to refine the model, 
improving our understanding of chemical processes in the reservoir. The geochemic al models allow an assessment 
of the amount of CO2 trapping in each of the major units in the reservoir. There are large uncertainties in the 
absolute value of the amounts, but they allow a direct comparison between trapping mechanisms and a direct 
comparison between the trapping in each reservoir unit .  
 
This work represents a first study  to demonstrate the potential of using geochemical sampling and measurements  
and integrating them with reservoir models for secondary and tertiary oil recovery.  
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1. Introduction 
After a detailed review under the auspices of AERI (the Alberta Energy Research Institute) , a CO 2 monitoring 
pilot was initiated at the Penn West Energy Trust  CO2 EOR operations within the Cardium formation of the 
Pembina Field. The site is located approximately 15 kilometers west-south -west of Drayton Valley, which in tur n, is 
located approximately 100 kilometres south west of Edmonton, Alberta, Canada. The Pembina Field was discovered 
in 1953 and put on primary production in 1955. It  was converted to a water flood starting in 1958. Penn West 
implemented a CO2 miscible flood beginning in March 2005 with the CO2 being injected into two wells and water in 
several wells around the immediate pilot area. Early in 2007, the pilot was converted to a WAG (Water Alternating 
Gas) EOR scheme, where on an approximately a monthly basis,  the injection of water and CO2 are switched to the 
other well.  
 
The Penn West Pembina -Cardium  CO2 EOR Monitoring research program focused on establishing (1) the state 
of the reservoir and wells, (2) the regional, local and site specific geology and hydrology, (3) the movement of CO2 
in the Cardium reservoir using seismic and monitoring of pressure, temperature and produced fluids, and (4) the 
short and long term fate of CO2 through predictive modeling. Specifically, the main purpose of the geochemical 
modelling program of the Penn West Monitoring Project is to quantify the chemical reactions that occur between the 
gas-oil-water-rock within the reservoir prior to, during, and following CO2 injection. The goals were to deduce 
chemical processes within the r eservoir, to track the path and fate of the injected CO2 (flood performance) and to 
quantify the long term CO2 storage capacity of the reservoir . The necessary data to undertake the geochemical 
assessment were taken from other research in the Penn West Pem bina Cardium Monitoring research program. This 
included detailed geological and reservoir studies, reservoir modeling based on the oil, gas, water production and on 
the fluid injection history and  detailed mineralogical investigations  [1]. T he injected and  produced gases and fluids 
were sampled and analyzed for a broad range of chemical and isotopic parameters [2]. The CO2 injection stream was 
analyzed for carbon isotopes. The initial produced water chemistry was evaluated  through three "baseline" sampling 
trips carried out between February and April, 2005. CO2 injection was initiated in March, 2005. From May  2005 to 
March 2008, monthly monitoring events were performed and reported , dependant upon operational conditions .  
Addition ally, historical  data on Pembina field waters was reported [ 3]. The produced waters  changed in composition  
from the initial formation water  ( a concentrated NaCl dominated fluid), to a diluted Na(Cl,HCO3) water observed 
during water-flooding. This evolution in water composition is associated with ion exchange reactions coupled with 
calcite dissolution and CO 2 stripping from the oil phase.  
 
The geochemical analysis was undertaken using  two geochemical codes: SOLMINEQ.88 [ 4] - an equilibrium 
code, and GAMSPath [ 5] – a mass transfer code, and two codes from the Computer Modelling Group [6] which are 
used primarily for reservoir modelling: Winprop – a code for fitting equation of state parameters to hydrocarbon 
phase data, and GEM-GHG – a reservoir simulator with geochemic al capabilities.  
 
2. Results 
The current chemical state of the reservoir can not be established without an evaluation of the historically 
important chemical signals. The process of water flooding during oil recovery dilutes the reservoir water; this 
dilution coupled coupled with calcite dissolution, CO2 stripping from the oil phase and Ca exchange with Na was 
proposed as  being significant processes in the reservoir during the water flood [3]. This coupled reaction  was 
modeled using GAMSPath and the  results compared with historical (Figure 1) and baseline (Figure 2) results.  A 
fugacity of CO2 of 0.15 bars was chosen as the equilibrium pressure for CO2 in the oil phase, cation exchange on the 
surface of clays was modeled using the exchange vector Na2Ca-1.  
 
Selected results of this calculation are shown below where the calculated Na+ and HCO 3
- values are plotted 
against the calculated Cl - value. The historical water flood produced water compositional  d ata also been  sh own. 
There is a good correspondence between the calculated and measured composition. This is contrasted by the 
baseline results (just prior to the initiation of CO2 flooding), where there is a clear positive correlation between the 
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produced Na+, C l- and HCO3
- concentration. The modeling did not predict this, it is likely the influence of recycling 
produced waters . This observation underscores the necessity of a developing clear understanding of the historical 
reservoir processes as a crucial step in interpreting the current state of the reservoir . 
 
  
Figure 1: Compositions of waters produced during 
initial depletion and water flooding show with the 
calculat ed evolution of the fluid composition. 
Figure 2: Compositions of waters produced during 
the baseline sampling compared to the calculated 
fluid composition.  
. 
 
 
GEM -GHG was used to undertake a one dimensional coupled reaction flow si mulations of the reservoir chemical 
evolution of the reservoir due to the water flood and the CO2 EOR flood. The results are shown below  in Figure 3. 
The historical fluid compositional data for the formation waters ar e identified by a 1, the historical fluid 
compositional data early in the water flood are identified as a 2  and later into the water flood are identified as 3 . A 
number of produced water compositions sampled during the CO 2 flood have been identified as 4.  
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Figure 3: 1-D simulation of the reservoir chemical evolution.  
 
There is good agreement up to  the beginning of the CO2 flood, when the numerical results are different than the 
measured values. Again, this  difference is  p artially the result of  the use of both recycled waters and the varying 
composition of the make-up water. In addition,  the CO2 flood results in a non -homogeneous reservoir sweep, which 
impacts on the produced water composition.  Clear evidence of the non-homogeneous reservoir swe ep can be seen 
from equilibrium calculations undertaken using the compositions of the produced waters obtained during the 
monitoring phase of the sampling program.  
 
SOLMINEQ.88 evaluation of the produced water compositions demonstrated that the waters reco vered during 
the monitoring program were generally supersaturated with respect to the commonly found iron sulphide minerals 
and to dolomite. Unexpectedly, many of the samples were undersaturated with respect to calcite  (Figure 4), but this 
changed as a function of time. This condition is most easily explained when mixtures of waters with quite different 
chemical compositions are produced from a well .  
 
 
Figure 4: Representation of the Penn West Cardium CO 2 EOR project together with the time evolution of the calcite saturation index. 
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This figure demonstrates a difference between those wells on the fracture trend and those off-trend. For most of 
the on -trend wells, the calcite saturation drops shortly after the onset of CO2 injection, becoming negative (below 
the yellow line). This is contrasted by the off-trend well behavior, for which the SI remains nearly constant, and 
positive through most of the period represented. The rapid decreases seen in a few wel ls near the end of the 
monitoring period are associated with the arrival of a strong signal due to injected CO2. Other transient responses 
can, in most instances, be related to well work -overs.  This set of observations has important implications for the 
interpretation of produced water compositions ; in complex reservoirs it must be done in conjunction with detailed 
reservoir flow models.  
 
The CMB reservoir simulator, GHG -GEM was used to examine the complex flow and chemical reactions 
occurring within the r eservoir. The geological model was based on research elsewhere in the research program  and 
has 4 vertical layers. The base reservoir simulation was done elsewhere in the program and was transferred from the 
Schlumberger simulator, Eclipse ., to GHG -GEM. Transfer of the data from one simulator to another was not 
automatic and took a significant effort , both in the transfer and in the error checking and correction. 
 
Figure 5 shows the chloride distribution at the end of the water flood and illustrates the larg e scale flow 
heterogeneity in the reservoir.  This is consistent with the local fracture direction in the reservoir, which in this 
orientation, is horizontal on the figure.  
 
 
Figure 5: GHG -GEM modelled Chloride concentration at the end of water flooding.  Note that the orientation of this figure is rotated  when 
compared to the previous figure.  
The final state of the reservoir at the end of the water flood, as modeled by GHG-GEM, is the starting point the 
CO2 flood. A partial result  from the flood is shown in the next figure , which contours  the partial pressure of CO 2 gas  
at 18 months in the third layer in the reservoir; similar results are present in the other layers in the reservoir.  
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Figure 6: The distribution of the calculated partial pressure of CO 2 in the third layer as modelled by GEM -GHG following about 18 months of 
CO 2 injection.  
The increased partial pressure of CO2 is the result of the migration of the supercritical CO2 through the reservoir.  
As can be see from Figure 6, it migrates in the same direction as the water flood, as illustrated by the Cl - 
concentrations in the previous figure.  The rate of change in the reservoir simulation is lower than the measured 
composition al c hanges at the production wells, but the trend is similar. The differences can be ascribed to the rapid 
transport of fluids through  the fractures.  
 
Using a mass transfer model, GAMSPath, an estimation of the amount of CO2 sequestrated i n each of the various 
forms of trapping can be made.  The required  inputs are t he fluid composition, the mineralogical composition of the 
reservoir, the physical properties of CO2 at reservoir conditions, residual oil  and gas saturations. Residual gas 
trapping is estimated to be about 25% of porosity and residual oil saturations are estimated to be 6%.  
 
Following CO2 EOR a significant amount of the injected CO2 will remain as a supercritical phase in the reservoir, 
which will re -saturate with water back to the residual gas saturation at temperatures and pressures close to the 
original values for the formation. At these conditions, the density of the CO2 phase will be about 750 kg/m 3 and the 
solubility of CO2 in the aqueous phase will be about 1.2 moles/kg water. The extent o f to which the injected CO2 
will be trapped after the injected CO2 has reached equilibrium (a period of thousands of years) with the reservoir is 
shown in the following table.  These figures must be viewed as only rough estimates, as the CO2 will be 
heterogeneously distributed throughout the reservoir following th e injection, and the long term fate of the CO2 may 
be determined by slow inter -reservoir mixing processes.  It assumes that all reactions are complete.  
 
With time, the basic minerals within the reservoir will react with the CO2 to form either mineral precipitates or 
bicarbonate  ion,  and base cations. The extent to which the reaction will proceed depends on the mineralogical 
composition of the sediment s, which were determined from cores taken in/near the EOR pilot site.  T he mineral 
reactivity varies considerably, with the shale bearing and cemented units being considerably more reactive than the 
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conglomerate and sandstone units. On the scale of years to hundreds of years, the reactivity is primarily dr iven by 
the formation of magnesium bearing carbonates from magnesium bearing clayey minerals. On a longer time scale 
the CO2 is fixed as dissolved bicarbonate, primarily by reaction with sodium and potassium bearing minerals, both 
clays and feldspars. In g eneral, the calculations suggest that less than 15% and 10% of the injected CO2 will be 
trapped in the Shale and Cemented Sandstone respectively , in roughly equal portions, either as new mineral phases 
or as ionically as bicarbonate. Within the sandstone a nd conglomerate this amount is closer to 5 % and 2.5%, 
respectively.  
  
CO2 trapping mechanisms  Formation Unit  
kg/m3  reservoir   Sandstone Conglomerate  Interstitial-Shale Cemented SS  
kg CO2 Dissolved  in Oil  1.27 0.59 0.79 0.95 
kg CO2 Residual Gas  26.12 12.53 14.47 18.47 
kg CO2 Solution Trapping  5.5 2.55 3.44 4.13 
kg CO2 Ionic Trapping  1.43 0.35 1.74 1.96 
kg CO2 Mineralogical 
Trapping 0.47 0.08 1.31 0.59 
          
Total kg CO2 Trapped 34.79 16.09 21.74 26.09 
 
Long term trapping of amounts greater than this are expected as regional formation water flow, and density 
driven flow/mixing increase the volume of fluid exposed to the CO2 and potentially will transfer some of the CO2 in 
the oil and residual gas to the fluid . This will change the mineral ogical component.  
 
3. Summary 
This work represents a first study  to demonstrate the potential of using geochemical sampling and measurements  
and integrating them with reservoir models for secondary and tertiary oil recovery. The recently developed computer 
code GEM -GHG was used for this work along with SOLMINEQ.88 and GAMSPath.  
 
Solmineq.88, an equilibrium speciation geochemical model , was used to examine the field produced water 
compositions, and determine what could be established about the chemical proces ses in the reservoir. Results 
showed that many of the produced waters are undersaturated with respect to calcite, contrary to expectations. This 
condition is most easily explained when mixtures of waters are with quite different chemical compositions are 
produced from a single producing well. This observation has important implications for the interpretation of 
produced water compositions and demonstrates that flow paths in the reservoir can significantly complicate the 
interpretation of produced water chem istry.  
  
A mass transfer code, GAMSPATH, was used to evaluate in detail the chemical processes in the reservoir (short 
and long term) and to evaluate the thermodynamic data base. It established that the dominant reaction controlling the 
short term water composition was ion exchange reactions, coupled with calcite dissolution and CO2transfer from the 
oil phase. GAMSPATH was also used as a predictive tool to estimate the mineralogi cal reactions which will 
ultimately be responsible for the long term trapping of the injected CO2.  
 
The geochemical insights provided by the SOLMINEQ and GAMSPATH (along with detailed geological and 
reservoir modelling undertaken else where in the program) were used to prepare and use GEM-GHG. This coupled 
reservoir – chemical simu lator provided a representation of the chemical processes occurring during the various 
phases of hydrocarbon recovery, including the predicted evolution of produced water compositions. The results were 
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compared against field measurements. The modelling res ults obtained to date do not correspond well with solution 
compositions observed in the field. A primary source of the discrepancy is the failure to consider the impact of water 
recycling on the composition of the injected solution. Unfortunately, there is  no field data for this import ant 
information. The results obtained to date strongly suggest that there are preferential flow paths trending NE-SW in 
the reservoir which are not represented in the current reservoir model. Some small fraction (on the order of a few 
percent) of the produced water is derived from this flow and the very rapid increase in bicarbonate concentration 
seen at several producing wells is due to this.  
 
The models allow an assessment of the amount of CO2 trapping in each of the major u nits in the reservoir. There 
are large uncertainties in the amounts, but they allow a direct comparison between trapping mechanisms and a direct 
comparison between the trapping in each formation.  
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